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ZERO-POWER EXPERIMENTS WITH BOILING CORE B-1 , 
BORAX-V 

by 

BORAX-V Project Staff 
Idaho Division 

I. INTRODUCTION 

The p r imary purposes of the initial boiling-core experiments with 
BORAX-V were to shake down the reactor and steam plants and to de ter 
mine certain reactor charac te r i s t ics before proceeding with the testing 
of cores with integral nuclear superheaters . 

This report covers only the resul ts of the zero-power operation of 
the initial boiling core , B - 1 , from room-tempera ture , a tmospher ic -p ressure 
conditions to the operating conditions at 489°F and 600 psig. The core 
charac te r i s t ics of p r imary interes t which were measured are cr i t ical m a s s , 
control rod cal ibrat ions, excess reactivity, shutdown reactivity margin, r e 
activity effects of various core components, reactivity effects of t empera 
ture and voids, neutron flux and power distributions, and cadmium rat ios . 
In addition, some development and calibration work was done on a rotating 
oscillator rod. 

In the course of the experiments with core B-1 , the core was changed 
several t imes . The five different basic core loadings have been designated 
as follows: 

Core B-1 A - 36 poison rods, old control rods 

Core B- IB - 32 poison rods, old control rods 

Core B - I B ' - 32 poison rods, new control rods 

Core B- IC - 34 poison rods, new control rods 

Core B-ID - 32 poison rods, new control rods, oscil lator , and 
instrument thimbles 

At the conclusion of the zero-power experiments at operating con
ditions, the available excess reactivity (with the oscil lator rod installed) 
at 489°F and 600 psig, was only about 3.2%. Based on the measured r e a c 
tivity worth of voids at room tempera ture and the expectation that void 
worth would be higher at operating tempera ture , it was est imated that the 
rated full power of 20 Mwt probably could not be achieved. Therefore, the 
planned power operation of core B-1 was cancelled, and core changes were 
s tar ted for core B-2, designed to achieve more available excess reactivity. 



To expedite publication of the data contained herein, a detailed 
analysis of results has not been included in this report , although some 
comparison with calculated values has been made. In general , no e r r o r 
estimates are included for results in this report . 

n. REACTOR D E S C R I P T I O N ( I ) 

The BORAX-V reactor and power-plant equipment are located in 
two buildings one-half mile from the Control Building. The turbogenera
tor is located 200 ft from the Reactor Building. 

The reactor vessel is a cylinder with ellipsoidal heads, of 5Y-ft 
ID and l6-ft internal height. The core is centered about 4 ft from the 
vessel bottom. Three separate core configurations can be used: a boiling 
core without superheater, a boiling core with a centrally located super
heater, and a boiling core with a peripherally located superheater . 

The boiling core (see Fig. 1) is 24 in. high and has an effective 
diameter of 39 in. when containing the maximum of sixty 3 - - in . - sq fuel 
assemblies arranged in an 8 x 8 ar ray with corner assemblies missing. 
Each square cell of four assemblies is surrounded by adjacent control 
rod channels. 

The boiling assemblies are composed of individually removable 
fuel rods (the number of rods per assembly may vary from 0 to 49) made 
of UO2 of 4.95 w/o (design reference is 16.3 g of U"^ per rod) enrichment 
with 0.015-in. Type 304 stainless steel cladding. Fuel rods of 9.90 w/o en
richment are used for special experiments. The outside diameter of the 
rods is 0.375 in. (see Figs. 2 and 3). Poison rods of stainless steel or boron-
stainless steel can be substituted for fuel rods for flux flattening and adjust
ment of excess reactivity. The design of the boron-stainless steel rods is 
shown in Fig. 4. All the poison rods actually used as part of the loadings 
for core B-1 were made of boron-stainless steel. 

The nine control rods are made of Boral canned in stainless steel 
The central and four intermediate control rods are cruciform in shape 
and the four outer rods are T-shaped. The control rods are driven from 
below the reactor vessel, through a linear seal, by motor-dr iven lead 
screw-and-nut mechanisms with solenoid scram latches. 

For the initial zero-power operation, fuel rods were loaded into 
the boiling assemblies manually. A special telescoping handling tool was 
used to engage the assembly and suspend it from the crane. The assembly 
was lowered into a core position by operation of the motor-dr iven crane 
noLst, 



Fig. 1. Boiling Core B-1 of BORAX-V 

Fig. 2. Fuel Rod and Cutaway Section of Boiling 
Fuel Assembly of BORAX-V 
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ST. STL. TYPE 304 

Fig. 3. Boiling Fuel Rod of BORAX-V 

63 w/o BORON STAINLESS STEEL 

Fig. 4. Boron-Stainless Steel Poison Rod of BORAX-V 

III. ROOM-TEMPERATURE EXPERIMENTS 

A. Loading to Minimum-crit ical-mass Core 

The reactor was prepared for the first loading by placing an 
antimony-beryllium source in a dummy fuel assembly in core position 42 
(see Fig. 5). A motor drive was coupled to the antimony gamma source so 
that it could be remotely raised from its position within the beryllium, lo
cated at the core midplane, to a position 42 in. above the midplane, thereby 
essentially stopping production of source neutrons. Neutron counters and 
ionization chambers were positioned as shown in Fig. 5. Fission chambers 
were used for counting-channels I, U, and IV. A BF3 chamber was used for 
counting-channel V. Channel UI (linear). Periods I and II, and Safeties I 
and II used B ' " ionization chambers. 



- C O R E POSITION NUMBERS 

-CONTROL ROD 

Fig. 5. Minimum-critical-loading Diagram for 
Core B-1 of BORAX-V 

The number of boiling fuel assemblies with 49 fuel rods each, cal
culated to give a cold clean cri t ical configuration (in a cylindrical geom
etry) was 11 (539 fuel rods). Critical experiments performed at ZPR-VII 
showed that 645 fuel rods were required in a clean cylindrical a r r ay to 
produce a cri t ical reactor.(2) Also, 689 t 4 fuel rods (equivalent to 
~14 assemblies) were required to produce a crit ical slab core loading hav
ing 35 fuel rods on the longer side. 

Criticality in BORAX-V was achieved with 14 assemblies (686 fuel 
rods) in the reactor arranged as a square with two opposite corner a s sem
blies removed, as shown in Fig. 5. The significant differences in the 
measurements with ZPR-VII and BORAX-V may be explained by the differ
ences in lattice geometry due to water in control rod channels and between 
fuel assemblies , and the presence of more aluminum structure in the 
BORAX-V reactor . 

The BORAX-V boiling fuel assembly uses a 0.5-in. fuel rod spacing 
within an assembly; however, between assemblies the spacing is 0.916 in., 
and across the control rod channels the space is 1.896 in. The aluminum 
walls of the fuel assembly box are 0.062 in. thick, and the aluminum shroud 
walls are 0.156 in. thick. The ZPR-VII loadings used a 0.5-in. fuel rod 
spacing, with 20 fuel rod spaces used for control rod fingers. With control 
rod fingers withdrawn, these spaces were water-filled. 
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Boiling fuel assemblies, each having forty-nine 4.95-w/o-enriched 
fuel rods, were loaded in the sequence indicated by the numbers in Fig. 5. 
Dummy fuel assemblies were loaded into empty fuel-cell positions to main
tain fuel location for each step. As assemblies were placed between the 
source and the previously loaded fuel and between the fuel and the counters, 
large changes in count rate resulted due to changes in neutron attenuation. 
Channels I and II were located in the positions indicated by the dashed cir
cles in Fig. 5 for the loading of the first eight assemblies and then moved 

to their final radial position. 
Other changes in counter posi
tions were changes in vertical 
distance from the horizontal 
midplane of the core. Count 
rates were taken with control 
rods in loading position I 
(rods 3, 5, 7, and 9 at 29 in.; 
rods 1 and 4 at 12 in.; and 
rods 2 , 6 , and 8 at 0 in.) and 
with all control rods at 29 in. 
(poison fully removed from 
the core). Reciprocal count-
rate curves are shown in 
Figs. 6 and 7 for the control 
rods in loading position I and 
in the control-rods-withdrawn 
position, respectively. 

B. Loading to 60-Assembly 
Core 

1. Loading 

CONTROL RODS IN LOADING POSITION \: No». I AND 

4 AT 12 In, ; 2 , 6 AND 8 AT 0 If,,; 3 , 5 , 7 , 9 AT 29 In, 

lUMBER OF FUEL ASSEMBLIES 

Fig. 6. Approach to Minimum Critical 
Loading (Control Rods in Loading 
Position No. 1) 

The objectives of 
the loading to a 60-assembly 
core were to produce one which 
would subsequently be used to 
develop as much power as pos
sible and to produce a reference 

to which future superheating cores could be compared. The restr ic t ion 
was adopted that the single-control-rod criticality cr i ter ion should be sa t is 
fied, i.e., that the reactor should be subcritical with any single control rod 
fully withdrawn and aU eight other rods fully inserted. The number and 
location of fuel and poison rods were eventually chosen to minimize neutron 
flux peaks and to satisfy this control cri terion. 



Fig. 

NUMBER OF FUEL ASSEMBLIES 

7. Approach to Minimum Critical Loading 
(All Control Rods at 29 in.) 

Counting rates were logged with control rods in loading posi
tion I. These were taken to assure that the reactor would be subcritical 
during the loading of fuel. Counts were also taken with the central rod 
withdrawn to 29 in., and with the central rod at 29 in. and one intermediate 
rod partially withdrawn. These counts were taken to enable a prediction 
of the possibility that the reactor could go cri t ical on the withdrawal of a 
single control rod alone. 

After the initial unpoisoned loading of 14 fuel assemblies , 
two more assemblies were added and six boron-stainless steel poison rods 
were installed in the center four assemblies . The neutron source was 
moved to its permanent thimble outside the core, and the neutron detectors 
were repositioned to give coverage of the change in multiplication from r e 
actor shutdown, with all control rods inserted, to reactor cri t ical . This 
change allowed a full fuel loading without further relocation of detectors. 
The source and detector locations for the remainder of the loadings are 
shown in Fig. 9. 
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As the loading progressed, more poison rods were added and 
critical experiments were performed. These provided the added assurance 
that there was a sufficient control margin to satisfy the s ingle-control-rod 
criticality criterion. The 9-control-rod-bank position for reactor cri t icalib 
vs. number of fuel assemblies in the core is shown in Fig. 8. 
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NUMBER OF FUEL ASSEMBLIES 

Fig. 8. Critical Approach to Full-size Core B-1 

2. Poison-rod Adjustment 

Upon reaching the 60-assembly loading with 32 poison rods in
stalled, the reactor was found to be crit ical upon withdrawal of any one of 
the intermediate control rods. This condition was changed by the addition 
of four poison rods, for a total of 36 poison rods, and the relocation of 
eight others to positions near the intermediate rods. The fully loaded 
boiling core B-IA and poison-rod location at this time are shown in Fig. 9. 
This core was used during many of the control rod calibrations, reactivity 
measurements, and flux-wire irradiations. Boric acid solution was added 
to the reactor water to permit almost complete withdrawal of the 9-control-
rod bank during these measurements. 

Later, after boric acid was removed from the reactor water, 
the poison-rod locations were changed to position the boron-stainless steel 
rods in the positions of peak flux as determined by the fine-flux distribution 
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Fig . 9. E x p e r i m e n t a l Loading D i a g r a m for Core B-1 A 

m e a s u r e m e n t s . B e c a u s e po i son r o d s in t h e s e l oca t i ons had a g r e a t e r 
nega t ive r e a c t i v i t y effect , it w a s p o s s i b l e to r e d u c e the n u m b e r of po i son 
r o d s to 32 and s t i l l not go c r i t i c a l upon the w i t h d r a w a l of any s ing le c o n 
t r o l r o d , wi th a l l o t h e r r o d s i n s e r t e d . Th i s p o i s o n - r o d conf igu ra t ion , 
wh ich is the loading for the boi l ing c o r e B - I B , is shown in F ig . 10. 



16 

-Core Position Numbers 

Or Control Rod Numbers 

'"0 
0 

A 

21 

31 

41 

SI 

61 

71 

12 

22 

• 

32 

42 

52 

62 

72 • 

82 

O 12 Fuel Rods 4.95 w/o 

• 32 Poison Rods, 
Core B-IB 

» 2 Additional Poison Rods 
for 34 Poison Rods in 
Core B-IC 

^^^^^^^^^ 
13 

23 

14 

24 

2 « M i i * i ^ ^ 
»3 • 

• • 
43 

34 

»4 • 

• • 
^ ^ • ^ ^ ^ ^ ^ ^ 

53 

« 3 

• • 

%4 • 

• • 
6 4 

S H ^ ^ a i ^ H 
73 

83 

74 

84 

• Oscillator Assembly 
Location in Core B-IB' 

Fig. 10. Poison Rod Locations for Cores B-IB, B-IB' , and B-IC 

After the above poison-rod manipulations, the original set of 
control rods was replaced with a new set. These new rods had essentially 
the same composition as the original set, but minor design improvements 
and better quality control had been incorporated during fabrication and the 
rods were subjected to more stringent test (see Section UI.C.2.b., New 
Control Rods). Additional checks for criticality with any single control 
rod withdrawn indicated a need for two more poison rods, for a total of 
34, located as shown in Fig. 10 for core B-IC. When the oscUlator rod 



and assembly were installed, however, the excess reactivity was reduced 
sufficiently (see Section III.G) to allow removal of the two added poison 
rods, and the loading and 32-poison-rod configuration for core B- IB ' r e 
mained as shown in Fig. 10. 

C. Reactivity Measurements* 

1. Temperature Effect 

a. Definitions 

"It is important to distinguish between: (l) the change in 
reactivity of a fixed system whose tempera ture is changed, and (2) the net 
change in excess reactivity available to the system, e.g., the excess r e ac 
tivity held by the control system, when the temperature is changed... 
The assignment of an accurate value to the average temperature coefficient 
as defined in (2) requires a very accurate calibration of the control system 
at the two extreme tempera tures and over the entire region of control rod 
penetration. It is conceivable that a cold reactor controlled by neutron-
absorbing rods could have a negative temperature coefficient in the sense 
of (1) and yet gain excess available reactivity upon a r ise in tempera ture . 
The former definition (l) is related to questions of reactor safety, for 
example whether or not a r i se in temperature of the system would be auto-
catalytic if control rods were left in place. The lat ter concept (2) is used 
in specifying the excess reactivity required in the cold reactor to permit 
a r ise in tempera ture to design conditions. "(3) In the present report , the 
te rms " temperature effect," "void effect," "boric acid effect," and the like 
refer to a reactivity change of type (1). Reference to a reactivity change of 
type (2) will involve the words "available excess reactivity." 

b. Measurements 

For the l6 -assembly core with six boron-s ta inless steel 
poison rods installed, the reactor was heated from 68 to 91 °F by e lect r ic 
p rehea te r s . The control rod position for reactor cr i t ical was essential ly 
the same at both t empera tu res , indicating that the overall tempera ture effect 
was approximately zero in this tempera ture range. 

For core B- IB , the tempera ture effect was measured by 
electr ical ly heating the reactor water from 67 to 105°F, and then cooling, 
to eliminate a ir bubbles, until the temperature reached 94°F. The change 
in reactivity from 67 to 94°F was determined from the change in cri t ical 
position of the central control rod. The central control rod was calibrated 
by measur ing periods resulting from incremental rod movement. From 

•Values of reactivity were computed from measured periods by use of 
the expression on p. 27 of ANL-5800, with /3 = 0.0071, i 
and other pa rame te r s for U"^ from Tables 1-13 of ANL-5800. 



these measurements, it is inferred that, had the control rods remained at 
the position of criticality at 67°F, a reactivity loss of ~ 0 . 1 % would have oc
curred upon heating the water to 94°F, which gives a tempera ture effect of 

~-0.004% Ak/k/°F. 

In core B-IA, with the reactor water containing dissolved 
boric acid in the amount of 18.75 g(H3B03)/gal(H20), the tempera ture was 
changed from 79 to 112°F and then brought down to 101°F. The temperature 
difference from 79 to 101°F resulted in a reactivity change of -0.005%. 
When correction was made for the net change in boric acid concentration 
due to expansion of the water and the core s t ruc ture , and for the change in 
boric acid concentration due to evaporation, the reactivity effect due to 
this temperature change was essentially zero. The dependence of the 
boric acid effect upon temperature was neglected. An est imate of this 
effect is given in Section V. Because of the large correct ions required 
for boric acid displacement, the accuracy of this measurement is 
questionable. 

2. Control Rod Worths 

The reactivity worths of control rods were determined by 
measuring the period produced when the control rod or group of rods was 
raised slightly above the critical position. Boric acid solution was added 
in increments to compensate for adjustment of cr i t ical positions of the 
control rods. In this manner, in core B-IA, the control rods "were cal i 
brated over a range to the vicinity of 20-22 in. 

Attempts to measure the control rod worth by rod-drop tests 
were unsuccessful because of difficulties in obtaining a satisfactory record 
of neutron flux. To be able to operate at low power levels and thereby to 
keep fuel activation at a minimum, the flux-detecting chambers were lo
cated in temporary watertight thimbles in the reactor vesse l . Dropping 
control rods produced sufficient vibration to distort the flux record. 

a. Original Control Rods 
rzb 

Figure 11 shows the integral reactivity worth ( / differen-

tial worth (Z')dZ', where Z' is the rod position in in.) of all the original 
control rods in a bank in core B-IA. The differential worth of banked 
control rods is shown in Fig. 12. The relative differential worth of individ
ual control rods is shown in Fig. 13. The central rod had the grea tes t 
worth; its maximum effect was about 0.45%Ak/k/in. Each intermediate 
control rod was worth about 57% of the central rod, and each outside rod 
was worth about 17% of the central rod when small increments were evalu
ated near the rod-bank position. 
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The worth of the central control rod alone was est imated 
by a combination of period measurements and subcritical count-rate 
measurements . The periods resulting from a change in central rod posi
tion were measured. The control rod positions for these period m e a s u r e 
ments were: central rod between 18 and 24 in. and the remainder of the 
rods banked between 4.00 and 5.25 in. The worth from 0 to 18 in. was e s 
timated by observing the change in subcritical count rate for the central 
rod at 0 and central rod at 18 in., while the remainder of the rods were 
at 4.26 in. From this information, the total reactivity worth of the central 
rod was estimated to be about 5.84% when it was withdrawn and all other 
rods were at 0 in. Because of the poison-rod locations, an intermediate 
rod under the same conditions had a greater worth than the central rod. 
The total worth of No. 4 control rod was about 6.2% Ak/k. The other in
termediate rods were worth slightly less . 

The differential reactivity worth of a central or in ter
mediate control rod was greater when withdrawn far above the remainder 
of the control rods. This change may be explained as follows: Consider 
the critical reactor core with all rods banked at 15 in. The axial d i s 
tribution of the thermal flux peaks in the region below the control rod 
bank and decreases markedly in the rodded region, so that the central 
control rod might be in a thermal flux somewhat less than average. (An 
example of this flux behavior is shown in Fig. 25.) Next, assume a crit ical 
reactor core with all rods at 4.26 in. An axial plot of thermal flux would 
now peak well up in the rodded region. Moving the central rod up above 
the banked rod position would probably increase this peak, so the central 
control rod above the bank might be in a higher- than-average thermal 
flux. Comparison of the differential reactivity worths of the central rod 
and an intermediate rod when moved with the bank, and when far above the 
bank, is shown in Fig. 13. 

b. New Control Rods 

The control rods used for the major portion of the cold 
critical experiments were replaced with rods of the same dimensions and 
composition, but of better quality, as discussed in Section III.B.2. The total 
worth of the new control rods in core B - I B ' was found to be about 
0.2% Ak/k less than the total worth of the original control rods in core B-IB. 
The reactivity worth per inch of any control rod was reduced by about 1% 
of the value measured on the original control rods. The reason for this 
small reduction in control rod worth has not been determined. 

"^^ Available Excess Reactivity and Shutdown Margin 

As determined from the integrated banked control rod worth 
curve in Fig. 11, the available excess reactivity in the core B-1 A at 70°F 
was -12%, and the shutdown reactivity with all control rods inser ted was 
~-7%, for a total control rod reactivity worth of -19%. 



3. Void Effects 

The reactivity effects of simulated voids in core B-1 A were 
measured at room tempera ture with boric acid in the reactor water. 

Reactivity effects were determined by comparing the cri t ical 
positions of banked control rods and by period measurements . Banked 
control rod positions were all g rea ter than 22 in. The average value for 
the reactivity worth of boric acid solution throughout the core [-0.6% per 
g(H3B03)/gal(H20)] was used to cor rec t the void-effect measurements for 
the effect of displaced boric acid. Any change in the reactivity worth of 
boric acid due to change in concentration was neglected. Measurements 
were made with four different configurations, as follows: 

a. equally distributed voids in the whole core; 

b. voids distributed to simulate a real is t ic void distribution 
under low-power conditions; 

c. voids concentrated in the center 16 fuel assembl ies only 
(at the reference water-fuel ratio); 

d. voids concentrated in the center 16 fuel assemblies only 
(core with increased water-fuel ratio). 

All measurements of the void effect were made by comparing 
the reactivity effect of void tubes located in coolant channels of the boiling 
fuel assembl ies with water-f i l led tubes in the same locations, thus cancel
ling any effect of aluminum. The void tubes, 0.25 in. OD x 0.035 in. wall 
X 33— in. long, a re sealed 3003 aluminum alloy tubes filled with helium at 
one a tmosphere . The water tubes are the same except for holes drilled 
at each end to permi t flooding with reactor water and/or boric acid 
solution. 

For the experiments with changed water- to-fuel ra t io , hollow 
"water rods" were used to replace fuel rods. A "water rod" has the same 
outside dimensions as a fuel rod, but the core section is made of 0.038-in.-
thick wall, 3003 alloy aluminum tubing with holes dril led at each end to 
permi t flooding. 

a. Equally Distributed Voids 

For this measurement , 120 void or water tubes were fully 
inser ted in coolant channels. They extended from 8 in. above the core to 
1— in. below the core . The distribution of tubes is shown in Fig. 14. This 
a r rangement gave an average void in the core of only 0.5% of the moderator 
water , which is equivalent to an est imated 50-100 kw of power at 600-psig 
conditions. 
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When corrected for boric acid displacement, the m e a s 
ured reactivity effect of voids was -0.36% per % void. This value includes 
some streaming effect due to voids in the upper and lower reflector. 

b. Realistically Distributed Voids 

To obtain a more realistic idea of the void coefficient in 
a boiling core, the voids were distributed nonuniformly in zones both 
axially, radially, and in the upper reflector in an a r ray calculated to simu
late an actual void distribution. This arrangement is shown in Fig. 15. 
Here, again, the total void content of the core only was 0.5% of the moder
ator, although the total number of void or water tubes used was 264. 
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The measured value of the clean void effect coefficient for 
this case was -0.45% Ak/k per % void. 

c. Concentrated Voids with Reference Water-Fuel Ratio 

The reactivity effect of voids concentrated toward the cen
ter of the core was measured by arranging eight fully inserted tubes in each 
of the center 16 assemblies only, as shown in Fig. 16, for a total of 128 tubes. 
The location of the tubes was arranged to simulate approximately the ex
pected radial void distribution within a fuel assembly. 

57 56 55 55 53 

Each of Central 16 Fuel Assemblies 

W = Water Hod 

V=Vold Tube 
o 

52 51 

Fuel Rod Position No. 

Coolant Channel No. 

Fi g. 16. Concentrated Void and Changed Water-to-fuel Ratio 
Experiment with Core B-IA 



The measured reactivity effect of clean voids under these 
conditions was -0.55% per % void. 

d. Concentrated Voids with a Higher Water-Fuel Ratio 

To determine the effect of increased water-fuel ratio on 
the reactivity effect of voids, five fuel rods in each of the central 16 fuel 
assembl ies only, located as shown in Fig. 16, were replaced with water 
rods . This ra i sed the H20:U02 volume ratio in these assemblies from 
2.21, for the reference core B-IA, to 2.51. The distribution of void tubes 
or water tubes is shown in Fig. 16. 

The measured clean void effect for the increased water -
fuel rat io was approximately -0.27%Ak/k per % void, or about one-half 
the value for the core with the reference water-to-fuel ra t io . 

4. Removal of Fuel Rods or Fuel Assembly 

To determine the reactivity effect of removing fuel rods, a 
water rod was installed in the place of a fuel rod in the center of the 
four fuel assembl ies in core positions 33, 34, 43, and 44 (see Fig. 9) in 
core B-IA with 18.6 g(H3B03) per gallon of reactor water. This substi tu
tion was found to have an effect of -0.0026%Ak/k per rod. Replacing a 
fuel rod with a water rod in the center of the fuel assemblies in core 
positions 23 and 24 produced a slightly negative reactivity effect. These 
values a re not correc ted for boric acid displacement. 

Removal of a complete fuel assembly from core position 45 
gave a reactivity effect of -2.7% as measured in the core without boric 
acid. 

5. Substitution of Boron-Stainless Steel Poison Rods, Stainless 
Steel Poison Rods, Water Rods, and 9.90-w/o Enriched 
Fuel Rods 

Substitution experiments were made in core B-IA poisoned 
with boric acid at a concentration of 18.64 g(H3B03)/gal(H20). Boron-
stainless steel poison rods were substituted for the fuel rods in three 
positions denoted by the le t te rs "a," "b," and "c " in Fig. 9 . ' The resu l t 
ing reactivity effects were -0.09, -0.093, and -0.049% per poison rod, 
respect ively. The net effect of the boron alone in one poison rod in posi
tion "a" was found to be -0.064% Ak/k. This was determined by comparing 
the effect of s tainless steel rods with the effect of boron-s ta inless steel 
rods . 



The reactivity effect of replacing two fuel rods with poison rods 
in the positions marked "f" in Fig. 9 to increase the number of poison rods 
from 32 to 34, in the core at room temperature with no boric acid, was 
measured to be -0.14% per poison rod. 

Substitution of water rods for fuel rods in the "a" position made 
a very slight negative change. Substitution of five water rods for fuel rods 
in each of the center 16 assemblies in the locations shown in Fig. 9 p ro
duced a reactivity effect of -0.45%. 

Substituting single 9.90-w/o enriched for 4.95-w/o enriched 
fuel rods in the isolated positions marked "a," "d," and "e" in Fig. 9 r e 
sulted in reactivity changes of +0.011, +0.012, and +0.003% per rod, 
respectively. 

6. Boric Acid Effects 

The addition of boric acid for control rod calibration gave an 
essentially linear reactivity effect at lower concentrations. Figure 17 
indicates banked-control-rod critical positions vs. the boric acid concen
tration in core B-1 A. When correction was made for the variation in con
trol rod worth, the average reactivity effect of boric acid was found to be 
-0.6% per g(H3B03)/gal(H20). 
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D. Neutron-flux Mapping 

Core physics calculations during the design of BORAX-V produced 
smooth flux plots for an ideal homogeneous boiling core.( l ) Since the core 
of BORAX-V is not homogeneous, it was desirable to determine the local 
axial and radial variations in flux within a fuel assembly and from a s s e m 
bly to assembly, p r imar i ly in order to provide information on the power 
distribution within the core for the heat-engineering analysis. The cal
culated flux distributions in the core provided a gross peak-to-average 
power rat io. Calculations of the effect of water and control rod channels 
between assembl ies provided a local peak-to-average power ratio within 
a fuel assembly, but these numbers needed to be verified. In addition, 
since the thermal-hydraul ic analysis of the natural-circulat ion system 
was based on summing the flows through the individual assembl ies , and 
since the flows and exit qualities of the assemblies were dependent on the 
power produced within the individual assembl ies , a method of obtaining the 
"assembly- to -average" power ratio for the various core positions was 
required. Still another reason for extensive measurement of flux d i s t r i 
butions in the boiling core was to check the validity of the calculational 
techniques. 

1. Distributions of Coarse Neutron Flux 

The measurement techniques and counting equipment used for 
both coa r se - and fine-flux mapping are described in this section. After 
axial measurements in a number of radial positions were taken with con
trol rods nearly withdrawn from the core, an experimental study was made 
of the neutron-flux distribution adjacent to a partially inserted control 
rod. Experiments were also run to determine the level of neutron flux at 
the reactor vesse l shell and the effect on neutron-flux distribution of boric 
acid concentration in the reactor water . 

a. Measurement Techniques and Counting Equipment 

Three different detector mater ia l s were used in the flux-
mapping experiments : 

(1) gold wire (of 0.032-in. diameter) ; 

(2) uranium-zirconium wire , 3.379 w/o U, 93.13-w/o 
enriched (of 0.031-in. diameter) ; 

(3) uranium-aluminum wire , 7.78 w/o U, 93.1-w/o 
enriched (of 0.032-in. diameter) . 
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Comparable irradiations were made with short segments 
and continuous wires of both gold and the uranium alloys at various radial 
points. The segments were | in. long and arranged within a wire holder 
so that their longitudinal centers were at 1-in. intervals , beginning at the 
base of the fuel and rising vertically to 5 in. above it. Aluminum spacers 
were placed between wire segments. The continuous wires were placed in 
the same type of holder. The flux-wire holders were made of either stain
less steel or aluminum tubing, 0.125 in. dia x 0.020 in. wall, with a support 
and guides for reproducible positioning. 

Both aluminum and stainless steel wire holders and a 
representative wire segment loading are shown in Fig. 18. The wire 
holders were inserted into a water channel of the fuel assembly, and were 
positioned by the upper and lower grids. The upper shoulder of the holder 
controlled the insertion distance by resting on the upper grid of the fuel 
assembly, as shown in Fig. 19. Water-channel and fuel-rod locations for 
a boiling fuel assembly are shown in Fig. 16. To normalize counts, a 
monitor wire of each material used was irradiated at the same radial and 
axial position in each irradiation for purposes of comparison. 

Counting of the activity induced in the wire segments was 
accomplished with scintillation crystals of 1.0-mm-thick anthracene for 
betas and sodium iodide for gammas. Both types of counting were done 
on some of the early irradiations, but since the gamma counting offered 
more favorable statistics and better discrimination control, the activity 
of the segments was gamma-counted in a standard pig arrangement . P r e 
set count control using the monitor foil of the mater ia l being counted 
allowed automatic decay correction. An overall view of the counting equip
ment is shown in Fig. 20. 

A rotary scanner was used for counting the continuous 
wires. The wires were attached to the r im of a large aluminum disk with 
a lead hub and passed in front of the counting head by an automatic s e 
quencing system which controUed the incremental movement of the wheel, 
counting time, and data printout. A portion of the system allowed regula
tion of the counting time per interval by the same prese t count technique 
used for the segments. Because of collimation and shielding problems, 
gamma-counting of the continuous wires was not successful. Therefore, 
the continuous wires were counted with the beta crysta l detectors . The 
beta-counting results were discontinuous, but the flux shapes obtained 
compared well with those inferred from gamma counting of wire segments. 
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Fig. 20. Flux-wire Counting Equipment 

b. Radial and Axial Neutron-flux Distributions 

Both radial and axial flux distributions were measured to 
obtain overall maximum-to-average power ratios and flux shapes in the 
core. 

Figure 21 shows plots of the radial flux shape measured 
3 j in. above the bottom of core B-IB, with no boric acid and with control 
rods banked at 8.68 in. Measurements were taken at the points indicated 
in the diagram on a core diagonal and also parallel to the core centerline. 
The wires were beta-counted. A significant cusping pattern is evident 
within each fuel assembly between regions of increased moderation. 

A number of axial flux-distribution measurements were 
made during two irradiations with both gold and uranium-aluminum flux 
wires. In each irradiation, twelve aluminum flux-wire holders containing 
30 wire segments each were placed along the core diagonal in locations 
shown on the diagram in Fig. 22. Six holders contained gold wire and 



LEGEND: 

O DIAGONAL 

TRANSVERSE 

» TRANSVERSE POINTS ARE 
DISTANCES FROM THE 
CORE CENTER LINE. 

• FLUX WIRE POSITIONS IN 
WATER CHANNELS. 

• POISON RODS 

DETECTOR MATERIAL : U-Zr WIRE 

NINE-CONTROL-ROO BANK 

POSITION (8 .68 in.) . 

NO BORIC ACID. 

\ 
"ooooooo 
ooooooo 
ooooooo 
ooooooo 
ooooooo 
ooooooo 
ooooooo 

boooooo 
ooooooo 
ooooooo 
ooooooo 
ooooooo 
ooooooo 
ooooooo 
boooooo 
ooooooo 
ooooooo 
ooooooo 
ooooooo 
ooooooo 
oooooo* 

ooooooo I 
ooooooo • 
ooooooo ' 

\^J \ L J \ L 
5 6 7 6 9 10 II 12 13 14 15 16 17 IB 19 20 21 22 23 

DISTANCE FROM CENTER LINE OF CORE, in. 

Fig. 21. Radial Flux Plots at 3-r- in. from Bottom of Core B-IB 



1 \ \—r "1 r "1 r 

DETECTOR MATERIAL: 

1 - 4 , GOLD 

5, U - A I 

\ . 

ooooooo 
boooooo 
ooooooo 
ooooooo 
ooooooo 
ooooooo 
ooooooo 

ooooooo1 
"boooouo 
ooooooo 
ooooooo 
uooo o 
ooooooo 
ooooooo 

i \ - . - -. -. s •• \ -q 

c 
D OOOO 

OOOnOOO 
'ooooooo 
oooooo 
ooooooo 
ooooooo 
ooooooo 
ooooooo 

" ooooo 
nDDOOO 

o 
ooooo 
ooooooc 
ooooooc 

-^ 

J \ \ L I I I I I I I I J L 

ALL OTHER 
CONTROL RODS 

12 13 14 15 
DISTANCE FROM BASE OF FUEL, 

23 24 25 26 27 28 29 30 

Fig. 22. Point-to-average Axial Flux Distribution in Core B-IC 



six contained U-Al. Single monitor foils of gold and of U-Al were located 
at the axial center of the fuel. Four of the radial positions used in the first 
run were rerun with the al ternate detector mater ia l to obtain checks of point 
symmetry between quadrants of the core. 

Figure 22 shows five axial plots measured at various points 
along the diagonal of core B-IC. The resul ts were normalized by plotting 
on a point- to-average basis . A comparison of measurements taken with 
gold and U-Al may be made from curves 1 and 5, which were taken at 
radially symmetr ic points. 

Additional axial plots on a relative count basis taken at 
various positions in core B- IC, both on and off the core diagonal, are 
shown in Figs. 23 and 24. 

The resul t s of point-symmetry checks between quadrants 
and runs of the experiment indicated that, within the e r r o r limits of the 
determinations, point symmetry along the diagonal axis was good. Fu r 
ther assumptions regarding symmetry cannot be made from the data col
lected. The resul ts of the continuous-wire counting are not presented, but 
no significant depar tures were noted from the axial shape of the flux at 
specific radial positions as determined with the segments. 

c. Neutron-flux Distribution Adjacent to a Control Rod 

To determine the influence of a control rod with an a lumi
num control rod follower in a control rod channel on the axial flux d i s 
tribution at various radial positions in an adjacent fuel assembly, an 
irradiat ion was made in core B- IC with no boric acid in the reactor water . 

The flux-wire holders were of aluminum, and each con
tained eighteen-T--in.-long gold-wire segments t ravers ing 17 in. of the fuel 
region. The seven holders occupied seven water channels of a fuel assembly 
in core position 43, on one line perpendicular to the west blade of control 
rod No. 1, as shown in Fig. 25. Reactor water tempera ture was 71°F. All 
control rods were at 8.778 in. except the No. 1 rod, which was at 8.842 in. 

Four of the seven axial count-rate distributions for four 
of the points as indicated are presented in Fig. 25. The points lie along a 
line perpendicular to the control rod at various distances from it. Inspec
tion of the resul ts and comparison with the distributions obtained with the 
control rods essential ly removed show the effect on the axial distribution 
as the control rod is approached. There is a significant depression in the 
axial distr ibutions (curves 3 and 4) near the control rod. 

Figure 26 shows plots of t r ansverse relative count-rate 
distributions along the perpendicular to the control rod in the control rod 
region and belo^v it. The plots represen t one axial point in the seven 
t r ansve r se positions measured . The shape of the distribution below the 
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control rod, shown in curve a, agrees with the fine radial power-distribution 
measurements reported in Section III.D.2.; and the shape of the distribution 
in the control rod region, curves b and c, shows the flux depression caused 
by the rod. 

d. Neutron Flux at Reactor Vessel Shell 

To obtain the level of activation at the reac tor vessel shell, 
bare, highly enriched uranium foils, enclosed in an aluminum capsule, were 
irradiated at the inner surface of the reactor vessel . To determine the at
tenuation of the permanent stainless steel thimble located on the inner sur
face of the reactor vessel, another foil in the same capsule was contained 
in a stainless steel tube with a 0.035-in. wall thickness. As a point of ref
erence, highly enriched uranium foils were also located near the center of 
core B-1 A, as shown in Fig. 37 (see p. 57). The boric acid concentration in 
the reactor water during this irradiation was 18.68 g(H3B03)/gal(H20), and 
the water temperature was 76°F. 

results: 
An average of three counts of the foils gave the following 

(1) Ratio of foil activity at the reactor vessel shell to 
point-of-reference in the core (no stainless steel 
cover) was 0.009. 

(2) Ratio of activity of foil in a stainless steel tube to 
activity of unenclosed foil was 0.97. 

s- Effect of Boric Acid Concentration on Neutron-flux 
Distribution 

A single experiment was run to determine the effect of a 
change of boric acid concentration on axial flux distribution. Irradiations 
of gold flux wires were made in core B-IC at concentrations of 16.55 and 
18.3 g(H3B03)/gal(H20). Figure 27 shows a plot of two representat ive 
curves from these irradiations. It is concluded that this change in boric 
acid concentration had essentially no effect on the flux shape. 

^- Fine Power-distribution Measurements 

The fine radial power-distribution measurements were obtained 
by means of the equipment shown in Fig. 28. Two boiling fuel-assembly 
b^xes were modified by removing a replaceable section of a box side. A 
1^ -in.-sq x -J-in.-thick polyethylene block was prepared with forty-nine 
g-in.^holes on .J-in. centers so that fuel rods could pass through the block. 
wo 32 -in.-dia X j - i n . - d e e p holes were drilled as closely as possible 

(about 10-15 mils apart) from each of the fuel rod holes. These smaU holes 
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were used to position and hold securely—-in.- long x 0.03 1-in.-dia Zr -
3.379% U (93% U"=) wi re s . Each polyethylene flux-wire tray was loaded 
with 62 flux wi re s , two each adjacent to 31 fuel rod holes, as shown in 
Fig. 28. The flux-wire t rays were positioned near the midplane of the 
active length of the core to provide two axial locations, one for use with 
boric acid in the reactor water and one for use with no boric acid. 

After the wi res were loaded into the flux-wire t rays , the 
t rays were inser ted into a fuel assembly. Two such fuel assemblies 
were used during each irradiat ion, and flux-wire assemblies were 
located, in turn, in each of the nine core positions which make up the 
symmetr ica l portion of an octant of the core. A monitor wire was placed 
in an aluminum flux-wire holder in a uniform location elsewhere in the 
core during each of the i r radiat ions, so that the data from each could be 
normalized. The wires were nearly uniform in length and weight, but 
were normalized to 31.0 mg for the purpose of analyzing the data. All 
wires were counted with the counting equipment described in Section III.D.l. 

After the initial mapping of one octant of the core was completed, 
additional fine-flux measurements were made to determine the effect of 
replacing 4.95-w/o enriched fuel rods with other types of rods, such as 
water rods, boron-s ta inless steel poison rods, or 9.90-w/o enriched fuel 
rods. In addition: (1) the flux shape adjacent to the central control rod 
was measured with the central control rod inserted about 10 in. farther 
into the core than the other banked rods; and (2) the flux distribution across 
two fuel assembl ies was compared for the cases in which the reactor water 
did or did not contain dissolved boric acid. 

Because of the difficulty of drawing meaningful curves due to 
the pronounced variation of power ac ross a fuel assembly, the data for 
the fine power-distr ibution measurements a re presented in te rms of re la 
tive numbers . Each flux wire was counted for an interval corresponding 
to 10,000 counts of the monitor wire . The counts on the two wires adjacent 
to a par t icular fuel rod location were averaged after being normalized to 
a wire m a s s of 31 mg, and this average was assigned to that fuel rod. 

a. Power Distribution in Core B- IB 

The resul ts of the initial, fine power mapping of one octant 
of the core B-IA are shown in Fig. 29. In this case, all the data were nor
malized to the average fuel rod in the core , so that the number of each fuel 
rod location is the ratio of the local- to-average fuel rod power production. 
The peak- to-average fuel power, 1.99, occurred in fuel assembly position 36. 
The fuel rod locations which are blacked out contained boron-stainless steel 
rods. Two additional numbers appear above each fuel assembly in Fig. 29. 
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The f i rs t is the ratio of the power produced in the fuel assembly to the 
power in an "average" fuel assembly in the core. The second number (in 
parentheses) is the ratio of the power produced by the "average" fuel rod 
in the fuel assembly to the power produced by the average fuel rod in the 
core. The two numbers differ because the number of fuel rods in the 
various assembl ies differed. 

The data indicated that the degree of symmetry around a 
diagonal through the core center was not uniform. In general , however, 
the values of power for corresponding points agreed within 2 to 3%. 

The average value of the single-fuel-rod power within a 
fuel assembly was computed in the following manner: 

(1) The values for the four corner fuel rods were added. 

(2) The values for fuel rod locations 4, 22, 28, and 
46 (see Fig. 16 for explanation of fuel rod locations) were added and 
multiplied by 20. This took into account the peripheral rods other than 
the co rne r s . 

(3) The values for fuel rods in locations 11, 23, 27, and 
39 were added and multiplied by 4. This took into account all the rods 
just inside the periphery. 

(4) The values for fuel rods in locations 18, 24, 26, and 
32 were added and multiplied by 2.25. This took into account the nine 
central fuel rods. 

(5) The resul ts in ( l ) , (2), (3), and (4) were added and 
divided by 49, the number of fuel rods per fuel assembly. 

In computing the average relative power of a fuel rod in 
an assembly, the above procedure was modified so only fuel rods, and 
not poison rods, were counted. 

The average value of the power for an assembly was de
termined by taking the sum in (5) above, multiplying it by 4 or 8, depending 
on the number of corresponding assemblies in the core, obtaining a grand 
total of the resul ts for all the fuel assembl ies , and dividing this grand total 
by 60. 

To flatten power distribution, the data of Fig. 29 were 
used, together with experiments regarding the s ingle-control-rod c r i t i 
cality cr i ter ion, to determine the number and location of the boron-stainless 
steel poison rods for the core loading B-IB shown in Fig. 10. The effect 
of boron-s ta in less steel poison rods is quite localized so far as flux shap
ing is concerned, and even the flux in an adjoining fuel rod is hardly affected 
by replacing a fuel rod with a poison rod. Consequently, Fig. 29 can be 



considered a valid picture of the fine-flux distribution in core B- IB at room 
temperature if the proper placement of poison rods is superimposed on 
Fig. 29, This has been done, and the results for core B- IB are shown in 
Fig. 30. 

b. Power Distribution with Water Rods and 9.90-w/o En
riched Fuel Rods near Core Center 

After the first mapping of an octant of the core was com
pleted, the effect of varying the composition of a center fuel assembly in 
core B-1 A was investigated. In addition to the configuration shown for 
core position 45 in Fig. 29, two other loadings in corresponding core posi
tions were used. The second loading contained eight 9.90-w/o enriched 
fuel rods surrounding a water rod in the center of the assembly, while the 
third contained four water rods on the diagonals adjacent to the center 
rod. Layouts of the 3-assembly configuration are shown in Fig. 31. In 
this figure, the ratio of the power produced in a given fuel rod to the power 
produced in an average rod in that fuel assembly is shown. The assembly 
with four poison rods in the corners and four water rods near the center 
had the lowest peak-to-average value, namely, 1.12. In the assembly with 
the 9.90-w/o enriched rods, the peak value occurred at one of the 9.90-w/o 
rods. The 9.90-w/o rods had the same type of flux wires adjacent to them 
as the 4.95-w/o enriched rods, and the assumption was made that exactly 
twice as much power was produced in a 9.90-w/o rod as in a 4.95-w/o rod 
with the same number of counts on its flux wires . 

The two right-hand assemblies in Fig, 31 (b and c) were 
irradiated at the same time, so that their power levels a re consistent with 
each other. The data for the reference fuel assembly (see Fig. 31a) were 
obtained earlier . These data indicate that the position of the monitor wire 
in the two cases (Fig. 31b and c) was not the same, since 36% more power 
was generated in the 9.90-w/o rod assembly than in the reference assembly, 
which appears to be too great an increase. The local- to-average values are 
not affected by the inconsistency of the monitor wire , however. The raw 
data indicated that the 9.90-w/o rod assembly produced only 9% more power 
than the water rod assembly, even though it contained 46 fuel rods (eight of 
them 9.90-w/o enriched) and the water rod assembly contained only 41 fuel 
rods, all 4.95-w/o enriched. The water rod assembly appears to be the 
more desirable configuration, since its flatter power distribution will allow 
13% more power to be produced in an assembly of this composition than in 
the 9-90-w/o rod assembly for a given peak fuel rod power. 
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c. Power Distribution with Water Rods and 9.90-w/o En-
riched Fuel Rods near Core Periphery 

The use of 9.90-w/o enriched fuel rods and water rods 
was also investigated in core B-IB for the core positions corresponding 
to core positions 28 and 38 in Fig. 29, since these two peripheral a s sem
blies produced the least power. Figure 32 shows the resul ts of the varied 
loadings. Figure 32a is the same as core position 28 in Fig. 29, whereas 
Figs. 32b and 32c show the data from the experiments in core B-IB. The 
numbers in the fuel rod locations are the ratios of the power produced in 
each fuel rod to the power produced in the average rod in the core. To 
get these numbers for Figs. 32b and 32c, it was assumed that the average 
fuel rod power was unchanged when the experimental assemblies were 
substituted in the core. This assumption is not strictly true (since one 
reason for wanting to use assemblies loaded as in Figs. 32b and 32c was 
to reduce the core peak-to-average power), but the use of it permits a 
ready comparison of various configurations in a fuel assembly in core 
position 28. The two numbers above each assembly a re , as in Fig. 29, 
the ratio of the power produced in that assembly to the power produced in 
an "average" assembly, and the ratio of the power of an average rod in 
that assembly to the power produced in the average rod in the core. Fig
ure 32 indicates that 35% nnore power can be obtained in core position 26 
with a fuel assembly containing forty-one 9.90-w/o enriched fuel rods 
(Fig. 32c) than with a fuel assembly containing only 4.95-w/o enriched 
rods (Fig. 32a). 

Figure 33 presents data comparable to those in Fig. 32, 
but for core position 38. In this case only one alternative loading was used, 
as shown in Fig. 33b. The substitution of thirty 9.90-w/o enriched rods 
for 4 /95-w/o enriched rods resulted in a 69% increase in the power p ro
duced in core position 38. 

The effect on the gross distribution of core power with 
assemblies containing 9.90-w/o enriched fuel rods is shown in Fig. 34. 
Superimposed on the layout of the reference core are the ratios of the 
power produced in a par t icular fuel assembly to the power produced in 
an "average" fuel assembly for two cases . In the case of the reference 
boiling core B- IB , the peak value of the local- to-average fuel-assembly 
power occurs in core position 46 and is 1.40. A second case was based on 
a core containing 9.90-w/o enriched fuel rods, as shown in Fig. 32c, in 
all core positions symmetr ic with No. 28, and as shown in Fig. 32b for all 
core positions symmetr ic with No. 38. (The 9.90-w/o fuel rods are indi
cated in Fig. 34 by lines connecting the 9.90-w/o rods in core positions 68 
and 78.) In the second case, the peak value still occurs in a position cor
responding to No. 46, but has decreased to 1.29. 
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d. Power Distribution Adjacent to a Control Rod 

An investigation of the effect of a single control rod on 
the radial flux shape was made with core B-1 A by the fine-flux-measuring 
technique. The flux-wire t rays were placed in assemblies in core posi
tions 45 and 46 at a height of 12 in. above the base of the fuel. Control 
rod No. 1 was inserted to 8 in. while all other control rods were banked 
at 18 in. The resul t s , presented in Fig. 35, are in the form of ratios of 
the power produced in a fuel rod with the control rods positioned as 
stated above, to the power produced in the same fuel rod with all the con
trol rods banked at about 22 in., which was the case when the data for 
Fig. 29 were obtained. The ratios are normalized to a value of 1.00 for 
the fuel rod farthest from the central control rod (fuel rod location No. 7 
in core position 46), since the flux at this fuel rod is least affected by the 
control rod. It should be borne in mind that the numbers in Fig. 35 are 
not relat ive flux shapes in the two assemblies with the control rod in
serted. The relative flux shape may be obtained by multiplying the num
bers shown in Fig. 35 by the number for the corresponding fuel rod in 
Fig. 29. The symmetry in each side of the diagonal in core position 45 
is good to about 4%. 

e. Effect of Boric Acid Concentration on Power Distribution 

The effect of boric acid on the fine-flux distribution within 
fuel assembl ies near the core center was investigated. Measurements 
were made in core B- IB in core positions 45 and 46 with the flux-wire 
t rays located near the vert ical center of the unrodded core region in each 
case . The actual vert ical location of the flux-wire t rays differed because 
of the difference in height of the unrodded core region due to the greater 
insertion of control rods for the clean core . 

The resul ts are shown in Fig. 36. The numbers in Fig. 36 
are the rat ios of (1) the single-fuel-rod power/average power for the five 
central fuel rods in the part icular assembly without boric acid to (2) the 
single-fuel-rod power/average power for the five central fuel rods with 
boric acid in the reactor water at a concentration of 18.52 g(H3B03)/ 
gal(H20). No obvious pat tern governs the data. The symmetry in core 
position 45 is not par t icular ly good. The conclusion is that boric acid 
has very little effect on the fine-power distribution. 

3. Maximum-to-average Power Ratio 

In Sections III.D.l and 2 above, the measured peak-to-average 
power rat ios in the reference boiling core B- IB at room tempera ture , with 
control rods almost completely withdrawn, were 1.39 axially, and 1.99 radi
ally (including local peaking). This gives an overall core maximum-to-
average power ratio of 2.77. These measurements may be compared with 
est imated values'^) of 1.33 axially, 1.5 radially, and 1.3 for local peaking. 
The est imated overall maximum-to-average power ratio was 2.59. 
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E. Cadmium-ratio Measurements 

Cadmium-ratio measurements were made at zero power with the 
boiling core for two reasons: (1) to measure neutron-flux spectrum in 
various core locations, and (2) to establish a base of comparison for future 
use of the cadmium-ratio technique of in-core void determination. Develop
ment of this latter technique for BORAX-V is described in detail in 
ANL-6620.(5) 

The cadmium-ratio irradiation was made in core B-IA with a boric 
acid concentration in the reactor water of 18.3 g(H3B03)/gal(H20). The 
No. 1 control rod was at 21.67 in., and all other control rods at 21.00 in. 
Reactor water temperature was 70°F. These conditions are essentially 
the same as those for the irradiations conducted to obtain the axial plots 
reported in Section III.D.2.b. 

Monitor wires of gold, uranium-zirconium, and uranium-aluminum 
were used. Two flux-wire holders were placed in radially symmetr ical 
positions at four different radial points in two quadrants of the core, as 
shown in Fig. 37. These monitor positions were very nearly the same as 
those for all previous runs, so that the data could be more easily compared. 
As shown in Fig. 37, this placement of cadmium-rat io wire-holder posi
tions results in four radially symmetric points and eight i rradiat ion points 
in each of the two quadrants. To evaluate any spectral effects of stainless 
steel thimbles (to be used at high temperatures) , the detectors were placed 
in stainless steel holders in one quadrant and in aluminum holders in a 
symmetric position in the other quadrant. 

Detector materials used were gold and uranium-zirconium flux 
wires , -g- in. long x 0.032 in. diameter. In any one radially symmetrical 
position, two wire holders were irradiated. In one wire holder at one axial 
location, the wire segment was bare; in the other holder at the same axial 
location, the wire segment was cadmium-cove red. At all positions and in 
all holders, one axial point at the top of the holder (17 in. above the base 
of the fuel) and one axial point at the bottom of the holder (5 in. above the 
base of the fuel) contained a bare segment to check the symmetry between 
holders. The cadmium ratio was measured at ten axial positions with 
2-in. spacing, traversing 23 in. of the active core. 

In discussing the resul ts , the symmetry check points are considered 
first. In core positions 27, 72, and one point in core position 45, the induced 
activities of the bare wires in the two check positions were identical within 
1%, both top and bottom. It is significant to note that both holder mater ia ls 
and both detector materials were used. In all other positions, the symmetry 
check points did not compare so weU, and the deviations varied from 3 to 
11%. In all but two cases, one in core position 36 and one in core position 54, 
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Poison rods. 

SS 

U-Zr 

A-i/^2 

4.20 
-i.15 
4 .63 
4 .33 
4 .41 
4 .67 
4 .42 
4.39 
4 .30 
4 .38 

Al 

U-Zr 

5.15 
4 .72 
4 .73 
4.46 
4 .61 
4.49 
4.30 
4.66 
4 .93 
5.09 

SS 

Au 

1.81 
2 .31 
1.98 
2.09 
2.17 
1.28 
2.06 
2.12 
1.89 
2.06 

Al 

Au 

15-5 /32 

2.34 
2.05 
2.04 
2 .03 
2.08 
2.04 
2 .03 
1.93 
1.95 
1.92 

F i g . 3 7 . C a d m i u m - r a t i o S u r v e y o f C o r e B - I C 
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the deviation was the same top and bottom, 5% or less . Consideration of 
the uncertainties of lateral positioning in the severe flux gradient of the 
water channels leads to the conclusion that a deviation of 5% is reasonable. 
The two cases for which the deviation was greater than 5% and not consistent 
top to bottom, are difficult to explain except as poor data. In both of these 
cases , the detector material was uranium-zirconium alloy and the results 
are not reported. 

The cadmium ratios presented in Fig. 37 were computed by a nor
malization procedure involving two holders at one radial point. The activi
ties of the bare segments of one holder were normalized to the peak value 
for the axial t raverse , and then the activities of the bare segments of the 
other holder were normalized to this curve at one of the symmetry check 
points. The activity of a bare segment as read from the curve was then 
applied, and the activity of a cadmium-covered segment measured at the 
same point was used to compute the ratio. This normalization procedure 
was also applied to the observed count for the cadmium-covered segment. 

A cadmium-ratio measurement was also made at the inner surface 
of the reactor vessel shell in the same aluminum capsule with the foils 
used to measure flux levels at that point, as discussed in Section III.D.I.e. 
The location of this capsule is indicated on Fig. 37. The cadmium ratio, 
as measured with a bare, highly enriched uranium foil and a foil covered 
with a 0.020-in. thickness of cadmium, was 2.72. 

F. Power Calibration 

A power calibration of core B-IA was performed, by irradiating a 
highly enriched Û ^̂  flux wire, to determine the absolute number of f is
sions. To obtain satisfactory count rates on flux wires , the reactor was 
operated at a power level calibrated at 300 w. At this power level, the 
linear neutron-power circuit, Channel III, read 0.5 x 10"' amp, and the 
log power circuit. Period I, read 0.48 x l o " ' amp. The chambers for 
these circuits were located in 5-in.-diameter aluminum thimbles just 
outside the core in the reflector, as shown in Fig. 9. 

The calculated relationship between the total number of fissions in 
the core and fissions in the U" ' wire included a correction factor for 
neutron-flux level at the wire compared with the average radial flux level 
in the core based on other flux-wire irradiations. The correction factor 
for axial flux distribution was estimated, based on control rod position. 

Irradiations made with boric acid in solution in the reactor coolant 
were performed atthe same apparent neutron-flux level on the operating 
instruments. The actual power level with boric acid, due to the change in 
ratio of the flux at the instruments to the flux in the core because of boric 
acid, was estimated to be about 900 w. 
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C Osci l la tor - rod Experiments 

Following the flux measurements , experiments were car r ied out 
with core B- IC to determine the optimum location in the reactor vessel 
of the osc i l la tor - rod assembly which had been designed and built for use 
in t ransfer function experiments during operation of BORAX-V. The 
oscil lator rod is shown disassembled in Fig. 38. The photograph of the 
oscil lator is disjointed in that the two portions on the left a re extensions 
of the two portions on the right and are actually joined to them. The roto 
and drive shaft a re inser ted into the stator and shaft housing, and held 
position by the two bearings at the top and bottom of the stator. A shaft 
from the drive motor is connected above the seal. During operation, the 
speed of the rotating oscillator can be varied from about 0.4 to 1100 rpm. 
During power operation of the reac tor , the seal housing can be connected 
to any one of the three oscil lator nozzles in the head of the reactor vessel , 
with the stator located in thimble C outside the core or in core position 85 
or 75, depending on which nozzle is used (see Fig. 10 for locations). 

The rotor of the oscillator is an annular tube which contains a 
165° a rc of Boral (inside radius of 1.112 in.; 0.047 in. thick) clad with 
Zircaloy-2. The length of the poison section is 28 in., and it is possible 
to ra ise the oscil lator so that only a portion of the poison length is inserted 
into the core . During operation, the poison section rotates through the flux 
gradient and produces a periodic reactivity change. 

The differential reactivity worth of the oscillator was not known at 
the s ta r t of the exper iments , but the oscillator rod had been designed to 
have as large an effect as possible for the maximum size of rotor that 
would fit into a fuel-assembly position. The differential effect was known 
to be a function of position in the vessel , and it was desirable to place 
the oscil lator rod outside the core, in thimble C. This location was tr ied 
first; the total effect of the oscil lator was found to be -0.131% Ak/k, and 
the differential effect was found to be 0.012% Ak/k, peak-to-peak. The 
osc i l la tor - rod assembly was next placed in core position 85, with a r e 
sulting total effect of -0.404% Ak/k and a differential effect of 0.035% Ak/k. 
The osc i l la tor - rod assembly was next placed in core position 75. In order 
to minimize flux peaking in fuel assemblies adjacent to the dummy fuel 
assembly which held the s tator , the corners of the dummy fuel assembly 
were filled in with aluminum. The differential reactivity effect in this posi
tion was insufficient, and at tempts were made to increase the differential 
worth through various means . The resul ts of the investigation in core 
position 75 a re shown in Table I. Figure 39 is a c ross section of the final 
configuration, which included three fuel rods in each corner of the modified 
fuel assembly box which locates the stator and a 165° a rc of 2 w/o natural 
boron-s ta in less steel located away from the core center. Figure 40 is a 
photograph of this assembly. As indicated in Table I, the final configura
tion in core B - I B ' resul ted in a total reactivity effect of -0.75% and a dif
ferential effect of 0.12%. 
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REACTIVITY EFFECTS OF VARIOUS ROTATING OSCILLATOR-ROD CONFIGURATIONS FOR CORE POSITION NO. 75 

Poison Arc 
(degrees) 

165 

165 

165 

lb5 

165 

60 

90 

165" 

Poison Thickness 
and Material 

Rotor 

0.147-in.50w/oB4C 
Boral, clad with 
1/16-in. Zircaloy-2 

0.040-in. cadmium 

0.147-in.50w/oB4C 
Boral, clad with 
1/16-in. Zircaloy-2 

Stator 

None 

None 

None 

0.020-in. cadmium 

0.040-in. cadmium 

0.020-in. cadmium 

Peak-lo-peak 
Reactivity 

Differential 
Effect {%] 

0.055 

0.047 

0.074 

0.10 

0.10 

0.05 

0.07 

0.12 

Total 
Reactivity 

Effect' 
{%] 

-1.3 

-1.3 

-1.3 

-1.3 

-1.3 

-0.8 

-0.8 

-0.75 

Remarks 

Aluminum filler pieces in all four 
corners of oscillator assembly 

Water in two corners of oscillator 
assembly toward core center 

Water in two corners of oscillator 
assembly away from core center 

Aluminum filler pieces in all four 
corners of oscillator assembly 

Water in two corners of oscillator 
assembly away from center 

Aluminum filler pieces in all four 
corners of oscillator assembly 

Aluminum filler pieces in all four 
corners of oscillator assembly 

Three 5% fuel rods in each corner 
of oscillator assembly 

•This is the total reactivity effect due to replacing the boiling fuel assembly with the oscillator assembly. Rotor and stator poisons adjacent to one 
another, pointing away from core center. 

"This is the final configuration adopted lor use. except that the cadmium was replaced with 0.125-in.-thick, 2-w/o natural boron-stainless steel. 

165 arc - 2 w/o Natural 
Boron-Stainless Steel, 0.12S in. Thick 

(Stator) Fuel Rods 

Aluminum 

165° arc - 50 w/o 
B C Boral, 0.U7 in- Biiok 
* (Rotor) 

Fig. 39. Section through Oscillator Rod 
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Fig. 40. Modified Fuel Assembly Box for 
Oscillator Stator 
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IV. ROOM-TEMPERATURE AND HIGH-TEMPERATURE 
EXPERIMENTS WITH CORE B-ID 

The B-IB core configuration was modified to core B-ID, as shown 
in Fig. 41, as follows: (a) a standard fuel assembly was removed and the 
oscillator assembly inserted; (b) six -j--in.-diameter stainless steel flux-
wire thimbles were inserted; (c) four fuel rods were removed and 
four s tainless steel, - - i n . - d i a m e t e r miniature ion-chamber thimbles ' in
serted; and (d) one fuel rod was removed and one special, fixed, miniature 

3 i ' ' 

ion chamber in a special, short, —-in.-diameter stainless steel holder in
serted. The resul ts of Section III. C.5 imply that the reactivity effect of 
(b), (c), and (d) was about -0 .1%. 

-Core Position Number 

Control Rod Number 

O FViel Rods 4.95 w/o 

« Folson Rods 

+ Flux Wire "ffilmhles 
A Miniature Ion Chasiber ISilmbles 

Oscillator Assembly 

F ig . 4 1 . Boil ing Core B - I D 



At temperatures above ~150°F, control rod drive and pump seal 
water flows into the reactor vessel , and leak-off water may be returned 
to the feedwater tank. In order to maintain a fairly constant boric acid 
concentration in the reactor vessel , the boric acid concentration in the 
feedwater tank was made nearly equal to the concentration in the reactor 
vessel . 

A. Control Rod Worths 

In Figs. 42-49 are displayed differential reactivity worth curves 
for various control rods and combinations of control rods at different 
temperatures . Several of the curves have been extended arbi t rar i ly to 
zero at 26 in. All boric acid concentrations were measured at room tem
perature and pressure , and all concentrations are given for these condi
tions. In Figs. 50 and 51 are displayed curves of the integral, or 

integrated, reactivity worth ( / differential worth (Z')dZ' , where Z' is 

the rod position in inches) of the 9-control-rod bank at different temper
atures. In Figs. 52 and 53, respectively, 9-control-rod bank positions 
for criticality and available excess reactivity are plotted against tem
perature. The points on Figs. 52 and 53 were obtained directly from the 
points labeledO g(H3B03)/gal(H20) on Figs. 50 and 51. The minor differ
ences among some of the differential and among some of the integral-
worth curves separated by fairly small temperature intervals are not 
too meaningful; however, in Figs. 42, 43, 50, and 51, there is a rather 
clear decrease in differential control rod worth from room temperature 
to around 421°F (and 300 psig) and, over most of the interval of control 
rod travel measured, from room temperature to around 489°F (and 
600 psig). This decrease of differential control rod worth with increasing 
temperature is not in accord with ear l ier experience (see, for example, 
references 3, 6, 7), and the cause of the decrease is not clear at present. 
A possible clue to an explanation of this phenomenon is given by core B-2, 
which had a higher water-to-fuel ratio than core B-1 . The reactivity 
worths of control rods in core B-2 increased slightly at higher tempera
tures. '1 '- ' ' Some possible causes are as follows: (a) systematic experi
mental e r r o r s , (b) shift of neutron-energy spectrum to higher energies 
with increasing temperature, (c) temperature-sensi t ive thermalization of 
a significant fraction of neutrons in those water channels which are between 
fuel assemblies and which are not near control rods, and (d) reduction by 
decreased water density of the thermal flux peaking near control rods (see 
Fig. 26). 
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Fig. 53. Available Excess Reactivity vs. 
Temperature for Core B-ID 



B. Excess Reactivity, Temperature , and Void Effects 

According to Fig. 50, the available excess reactivity was 9.1% at 
room temperature and 3.2% at 489°F, so the loss of available excess r eac 
tivity to temperature was 5.9%. This observed loss to temperature com
pares with the calculated value of 6.9% Ak/k reported in ANL-6302.(1) 
From Fig. 11, the available excess reactivity of core B - l A w a s 11.9%; 
therefore, the change of available excess reactivity in going from the core 
B-IA to the B-ID core was -2.8%. This change was caused by (l) the r e 
arrangement of poison rods from the 36-rod configuration shown in Fig. 9 
to the 32-rod configuration shown in Fig. 41, and (2) the modifications de
scribed in the first paragraph of Section TV. The rearrangement referred 
to in (1) very probably gave a positive change in available excess r eac 
tivity. Of the several modifications mentioned in (2), only the removal of 
a standard fuel assembly and insertion of the oscillator assembly caused 
much change in available excess reactivity. It is reasonable to conclude 
that the change in available excess reactivity caused by removal of a 
standard fuel assembly and insertion of the oscillator assembly "was alge
braically less than -2.8%, i.e., more than 2.8% available excess reactivity 
was lost to the oscillator. 

Another effect attributable to the oscillator is revealed by numerical 
comparisons of results in Figs. 12 and 13 with resul ts in Figs. 42-49. The 
modifications of core B-ID and new control rods have caused a decrease 
in differential reactivity worth, relative to core B-IA, of control rods 
(other than the control rod in position No. 2) and control rod combinations. 
The control rod in position No. 2 is exceptional because it exhibits, in the 
range of temperatures of Figs. 44-49, either (a) a smaller fractional de
crease in differential worth than is exhibited by the other rods and rod 
combinations, or (b) a slight fractional increase in differential worth. 
These comparisons indicate that the presence of the oscillator caused an 
appreciable flux tilt across the core [an experiment confirming this con
clusion has been performed on the B-2 core, and prel iminary results are 
reported in ANL-6658(8)]. 

Temperature-effect coefficients for the core B-ID without boric 
acid have been computed from the data of Figs. 42 and 43; the results are 
plotted against temperature in Fig. 54. A value of -0.004% Ak/k /°F for the 
temperature-effect coefficient of core B-IB without boric acid, at about 
80°F, is reported in Section Il l .C.l .b. This value is in reasonable agree
ment with the curve of Fig. 54. As in IDO-16751 ,(9) there is displayed in 
Fig. 55 a plot of temperature effect coefficient against volume expansivity 
of water. The lower portion of this curve is very nearly a straight line 
with slope -0.22% Ak/k per % void. This value is considerably smaller in 
magnitude than the -0.36% Ak/k per % void reported in Section III.C.3.a. 
Some possible causes, other than experimental e r r o r , for the difference 
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F i g . 54. T e m p e r a t u r e - e f f e c t Coefficient of React iv i ty v s . 
T e m p e r a t u r e for Core B - I D 
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between these two values are as follows: (a) the cores are somewhat dif
ferent; (b) as mentioned in Section III. C.3.a, the value reported there in
cludes some streaming effects caused by voids in the upper and lower 
reflectors; (c) the experiment of Section III did not include effects of void 
in the radial reflector; (d) the "lumped" void in the experiment of Sec
tion III probably had about the same effect on fast leakage as does a ho
mogeneously distributed void, but the effects on thermal utilization, fast 
fission, and resonance escape may be appreciably different from those of 
a homogeneously distributed void; (e) the reactivity effect of a tempera
ture change is not merely a result of changed moderator density, for the 
temperature change itself affects thermal utilization and neutron spectrum. 

C. Boric Acid Effects 

All boric acid concentrations were measured at room temperature 
and pressure , and all concentrations are given for these conditions. If 
the assumption is made that the reactivity worth of control rods is not 
changed by boric acid dissolved in the water, then the distinction disap
pears between boric acid reactivity effect and change in available excess 
reactivity caused by boric acid. With this assumption and with tempera
ture corrections from Fig. 54, the data of Figs. 50 and 51 were analyzed 
to determine the reactivity in boric acid at 80°F and at 489°F as a function 
of boric acid concentration. The results are shown in Fig. 56. The reac
tivity controlled by boric acid appears to be very nearly proportional to 
concentration. The slope of the curve for 80°F is -0.55% Ak/k per g(H3B03)/ 
gal(H20), and for 489 °F the slope is -0.22% Ak/k per g(H3B03)/gal(H20). 

eORIC ACID CONCENTRATION, g IHaBOal/QOl (HjO) 

Fig. 56. Reactivity in Boric Acid vs. Boric Acid 
Concentration for Core B-ID 
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The d e c r e a s e in dens i t y of r e a c t o r w a t e r to 0.79 g /cm^ at 489°F is insuf
f i c i en t by i t se l f to a c c o u n t for t h i s d e c r e a s e in b o r i c ac id w o r t h . The r e 
a c t i v i t y w o r t h of b o r i c ac id a s a funct ion of t e m p e r a t u r e is shown in F ig . 57. 
The m a r k e d d e c r e a s e in b o r i c a c i d w o r t h wi th i n c r e a s i n g t e m p e r a t u r e is 
not in a c c o r d wi th e a r l i e r e x p e r i e n c e ; ^ ) s i nce th i s effect is c l o s e l y r e l a t e d 
to the d e c r e a s e in c o n t r o l r o d w o r t h wi th i n c r e a s i n g t e m p e r a t u r e , d i s c u s s e d 
a b o v e , the c a u s e is a l s o not c l e a r . 
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V. DISCUSSION O F T E M P E R A T U R E AND VOID E F F E C T S 

In Sec t ion IV.B it i s r e p o r t e d that a change f r o m r o o m t e m p e r a 
t u r e to 4 8 9 ° F in c o r e B - I D c a u s e d a l o s s in a v a i l a b l e e x c e s s r eac t i v i t y of 
5.9% A k / k . If it i s a s s u m e d tha t t h i s l o s s of r e a c t i v i t y due to change of 
t e m p e r a t u r e is c a u s e d only by d e c r e a s e in m o d e r a t o r dens i ty , then the 
a v e r a g e void coef f ic ien t of a v a i l a b l e e x c e s s r e a c t i v i t y f r o m 0% void to 
20 7% vo id is - 0 . 2 8 % p e r % void . Ca l cu l a t ed a v e r a g e void coeff ic ients of 
a v a i l a b l e e x c e s s r e a c t i v i t y f r o m 0% void to 15% void a r e - 0 . 2 1 % p e r % void 
a t r o o m t e m p e r a t u r e and -0 .27% p e r % void a t 4 8 9 ° F . U ; 

If it is a s s u m e d tha t the t e m p e r a t u r e v a r i a t i o n of the bo r i c ac id 

effect m c o r e B - I A is g iven by F ig . 57, then ^̂ ^̂  ' ' - - " ' ^ ^ J ^ ^ ^ O , / 

t e m p e r a t u r e - e f f e c t coef f ic ien t wi th a ^ - - ^ ^ - ^ ; - ^ J , ^ ? 4 - S l e r -

^!^^."^° r i ^ r o b - r r d wor^h .^The ' ^co r r ec t i on is about -0 .19% Ak/k , 
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This result leads to at least two instructive considerations: (a) A 
temperature change from 79 to 101°F is involved in this temperature-effect 
coefficient, and the corresponding density change of water is about 0.385%. 
If it is assumed that the change in water density is the only mechanism by 
which reactivity is altered, then the void effect coefficient is about -0.49% 
Ak/k per % void. This coefficient is not unreasonable in view of the meas 
ured coefficients in Section III.C.3. (b) For the temperature-effect coeffi
cient of ~-0.004% Ak/k/°F in core B- IB reported in Section III.C.l, the 
control rods were banked near 9.1 in. and the temperature changed from 
67 to 94°F. Assume for the moment that the control rod calibration curves 
in Figs. 50-51 apply to core B-IB and that the only temperature mechanism 
affecting reactivity is change in control rod worth. A change from cr i t i 
cality at 77 to 200°F without rod motion implies a reactivity change of 
~ + 0.50% and a temperature effect coefficient of ~+0.004% Ak/k/°F. The 
implication is that the temperature-effect coefficient for core B-IB with
out control rods would be ~-0.008% Ak/k/°F. This kind of reasoning casts 
some doubt on the interpretation of Figs. 54 and 55 relative to the tem
perature variation of temperature-effect coefficient. Perhaps the apparent 
variation of this coefficient with temperature is more accurately described 
as a variation with control rod position, or with both temperature and con
trol rod position. Attempts to place these considerations on a quantitative 
basis for the modified core B-ID were not successful because of scatter of 
points computed from the data. 
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